The present study documents three facies associations recorded from the Patherwa Formation. These facies are related to tidally influenced fluvial channel (Facies association A), tidal channel (Facies association B) and tidal sand bar/tidal flat sandy facies (Facies association C). The spatio-temporal variation of these facies associations and palaeocurrent trends suggest tide dominated estuarine system. The estuaries were operational along a 60 km long NW-SE trending palaeo-shoreline. The Patherwa Formation grades up-section into facies packages of increasing tidal energy and terminate with the deposition within the upper flow regime estuarine settings.
Introduction
The Vindhyan Supergroup represented by a thick pile of sediments belonging to the Semri, Kaimur, Rewa and Bhander Groups, is one of the largest Proterozoic sedimentary basins of India. It is spread over an estimated 100,000 km 2 area extending from Sasaram (Bihar) in the east to Chittorgarh (Rajasthan) in the west, see Figure 1 . The Vindhyan basin is a peripheral foreland basin that developed in front of the arcurate fold belts of Aravalli, Delhi and Satpura with which it has a thrusted contact [1] [2] [3] .
The Proterozoic Vindhyan Supergroup of India has attracted the attention of geologists since 1856 owing to the presence of diverse rock types [4] . These thick (4000 m) and unmetamorphosed sediments have been broadly divided into two lithostratigraphic units. The Lower Vindhyan or the Semri Group, and the Upper Vindhyan comprising of the Kaimur, Rewa and Bhander Groups each separated by conglomerate units [5] . The Semri Group is folded [6] , whereas the Upper Vindhyans are known to be tectonically undisturbed. The Vindhyan Basin is bordered by the Aravalli-Delhi orogenic belt (2500 -900 Ma) [7] in the west while the Satpura orogenic belt (1600 -850 Ma) [8] occurs in the south and east. The Bundelkhand Granite Massif (3.3 -2.5 Ga) [9] occurring at the centre of the basin divides the basin into two sub-basins, i.e., the Son valley Vindhyans in the east and the Aravalli Vindhyans in the west. The sedimentary fill of Vindhyan Basin is commonly believed to be of Middle and Late Proterozoic age [10, 11] . [12] classified Semri Group of Vindhyan Supergroup into eight Formations, see Table 1 . The Semri Group depicts a cyclic sedimentation of rudacceous/arenaceous, argillaceous and carbonate facies, see Table 1 . At least, three major cycles of sedimentation, each culminating in a tectonomagmatic activity, have been identified [12] in the Semri Group. [13] interpreted the depositional environment of the Vindhyan Basin to include high gradient environment. [6] suggests that the braid plain erg-transition appears to be a common phenomenon of the Proterozoic Era and its record should abound the terrestrial sandstones of that age. The Vindhyan sediments were deposited in the environments ranging from fluvial to deep marine conditions [6, 14, 15] . These rocks are deposited in an E-W elongated epeiric sea opening westward [16, 17] . The studied Patherwa Formation forms the base of the Semri Formation in the Son Valley and has an angular unconformity/thrusted contact with the underlying Bundelkhand Granitoid Complex. The formation is composed of gritty to pebbly sandstones, medium grained sandstones and siltstones; conglomerates with cobbles, pebbles and clasts of quartz, chert, yellow and red jasper embedded in sandy matrix. The upper contact with the Arangi Shale Formation is conformable.
Rather limited facies and palaeocurrent investigations of the Patherwa Formation have been carries out; these include those of [12, 13, 17] . Well exposed sequences at Hardi, Obra, Kewta and Markundi were selected for the present work. The Lithostratigraphy of this succession has been worked through a detailed investigation of these four measured sections, see Figure 1 . In the following section, brief description of the lithounits of the formation is given: the basal part of the measured sections at Hardi and Obra comprises of conglomerates with pebbles and cobbles. In the Kewta and Markundi sections conglomeratic unit is not exposed, instead basal part of these sections is comprised of pebble bearing sandstones, which is also present in the other two sections and occurs over the basal conglomeratic unit. The lithofacies encountered in the measured sections are described in the following section on "Facies Analysis".
Facies Analysis
We measured and sampled the four selected sections bed by bed for facies-and palaeocurrent investigations. The routine methods of section measurement, lithofacies recording and collection of palaeocurrent data were followed. Documentation of the data sets is presented in the composite, see Figure 1 . We recorded nine lithofacies from the four measured sections which are described in the following sub-sections.
Matrix-Supported Conglomerate Facies (Gm)
The matrix supported conglomerate is exposed near Obra Dam which extends up to Hardi Village section, see Figure 2 (a). This conglomerate facies is thickly bedded and form base of the succession. The conglomerate units are lenticular in shape and c mposed of rounded to subo 
Pebbly Sandstone Facies (Spe)
This facies occurs in all the four measured sections at the same stratigraphic level. In the Kewta and Markundi sections this facies form the base of these sections. In other two sections it overlies Gm-facies. This facies is represented by coarse-grained sandstone containing pebbles. Maximum size of the pebbles is 4 cm. Pebbly sandstone beds pass upward into plane laminated sandstones. Base of the facies is erosive.
Interbedded Shale within Thinly Bedded Sandstone Facies (Fi-S)
This facies occurs over the pebbly sandstone facies in the Markundi section and comprises of fine-grained sandstones interbedded with thinly bedded reddish to whitish brown shale of variable thickness (0.4 to 1 m thick). The sandstone units of the facies exhibit plane to wavy lamination and small scale cross-bedding. Herringbone crosslamina sets occur in the upper part of the facies. The facies shows gradational contact with the intervening shale beds.
Tabular Cross-Bedded Sandstone Facies (Sp)
This facies is composed of medium grained, moderate to moderately well sorted, quartzarenite to subarkose and reddish brown to pink sandstones. The sandstone beds show decrease in grain size up section. The cross-bedded units vary in thickness from 0.65 to 2 m, see Figure 2 
(b).
Cross-beds occur both in cosets and in single sets. Small scale, low angle tabular cross-bedded sandstones are also observed associated with this facies. The bounding surfaces of cross-beds are undulating. This facies occurs in all the measured sections at different stratigraphic levels.
In the Obra and Markundi sections, it occurs at four levels and in the Hardi and Markundi sections it occurs at three levels. In all the sections this facies overlies the Spe-facies in the lower part of the sections. The palaeocurrent direction of this facies in its lower part is NE in Hardi, Obra and Kewta sections. The contact between this facies and the underlying facies is taken as datum line for the entire basin because of its widespread distribution and more or less the same palaeocurrent direction.
Trough Cross-Bedded Sandstone Facies (St)
Both large and small-scale trough cross-bedding is observed in the studied sandstones, see Figure 2 (c). This facies is composed of erosive based, medium grained, moderate to moderately well sorted sandstone of 1.5 m thickness. This facies occurs in all the sections at different stratigraphic levels above the datum line. In the Hardi and Markundi sections it occurs at two levels, whilst it occurs at three levels in the Obra section and at one level in the Kewta section. The palaeocurrent directions of this facies vary at different stratigraphic levels with the same measured sections.
Parallel Laminated Sandstone Facies (Si)
This facies is composed of medium to fine grained, moderately sorted to moderately well sorted, quartzarenite and subarkose. The color of the sandstone is pink to reddish brown. Individual beds range in thickness from 1 to 5 m. The beds are mostly evenly laminated, see 
Ripple Bedded Sandstone Facies (Sr)
Ripple bedded sandstones are common in Obra and Markundi sections and occur at two stratigraphic levels. In the Hardi and Kewta sections this facies occur at one level only. This facies consists of pink to reddish brown, medium to fine grained, moderate to moderately wellsorted and thinly bedded (30 to 75 cm) sandstones. The beds are mostly evenly laminated. The bed contacts are sharp. Both symmetrical and asymmetrical ripples are observed, see Figures 2(e) and (f). Occasional occurrence of interference ripples is observed in Markundi section. Crests of the ripples are straight to sinuous, sometimes rounded and flat. The palaeo-shore orientation obtained from the ripple crest orientation is in the NW-SE direction.
Herring Bone Cross-Bedded Sandstone Facies (S-hb)
This facies is observed in the Hardi, Kewta and Markundi sections only at one stratigraphic level. Herringbone cross-bedding has been recorded in thick sandstone beds, see Figure 2 (g). The sandstone is medium grained, moderate to moderately well-sorted and mainly quartzarenite. Internally the facies is composed of thick and thin sandstone units which are occasionally laminated. Herringbone cross-beds are associated with tabular crossbedding facies.
Massive Sandstone Facies (Sm)
This facies is observed in the Kewta section at two stratigraphic levels. In other three measured sections this facies occur at one stratigraphic level only. The facies is 1 to 2 m thick, coarse to fine grained, moderately sorted and red colored quartzarenite. This facies has sharp contact with the underlying and the overlying facies in all the sections.
Palaeocurrent Analyses
Azimuthal data of cross-bedded sandstone facies (St-, Sp-and (S-hb)-facies) were measured where cross-bedding surfaces are properly exposed or could be reliably reconstructed. The azimuthal data recorded at different stratigraphic levels in the four measured sections, were subjected to tectonic tilt correction because the average dip of the beds is about 20 degrees. The corrected data were plotted as rose diagrams which exhibit bidirectional/bimodal patterns, with modal axis and subsidiary modes generally towards NNE, NE and SW, see Figures  1 and 3 . The crest orientation data was also recorded on the wave ripples (Sr-facies) from the four measured sections. Analysis of the data shows that the general trend of the palaeo-shoreline was in the NW-SE direction. Calculation of vector means (Φ) and vector magnitude (L %) was done by vector summation method of [18] . The vector mean (Φv) for the four measured sections varies in the range of 2 to 263 and vector magnitude (L %) values fall in the range of 20 to 82. The bimodal to quadrimodal distribution with modes oriented approximately at 90 degrees reflect that the sediments were transported by the long-shore currents. The bimodal to quadrimodal distribution of cross-bedding azimuths upsection in the four measured sections indicate dispersal of sediments by multidirectional currents in the nearshore shallow marine environments [19, 20] . In the Markundi section, quadrimodal distribution of palaeo-currents suggests complex current system involved in sediment dispersal. However, NW-SE oriented shoreline played the major role in sediments dispersal in the outer estuarine settings where sediments were dispersed by SE and NW long-shore currents. In the Kewta section polymodal distribution of palaeocurrent pattern indicates two main sediment transport directions: the NNE-NE onshore current direction was dominant dispersing agent while some sediment was also derived from SW direction. The rose diagram of Obra section indicates two directions of sediment dispersal: one along the NE onshore and the other in the NNW long-shore direction. The bimodal distribution of palaeocurrent pattern in Hardi section also shows dominance of onshore and long-shore currents for sediments dispersal.
Facies Association
Facies assemblage constitutes genetically related several lithofacies that occur in combination, and typically represent one depositional environment. The nine facies observed in the four measured sections are grouped in three facies associations which represent three genetically related depositional environments. They include: 1) Tidally influenced fluvial channel (Facies association A).
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) Tidal channel (Facies association B). 3) Tidal sand bar/tidal sandy flat (Facies association C).
Facies association A is dominant in the basal part of the studied sections, particularly in the Hardi and Obra sections, grades upwards into deposits that show stronger tidal influence producing typical fining upward facies packages. Facies association B is better developed in the Markundi section whereas facies association C is more abundant in the Obra section.
Tidally Influenced Fluvial Channel Facies (Facies Association-A)
Facies association-A represents a fining upward facies sequence comprising of Gm-, Spe-and Sp-facies in the Hardi and Obra sections. The maximum thickness of this facies association is 5.5 m. In the Kewta and Markundi sections Gm-facies is missing from the association. However, in the Kewta and Markundi sections Spe-facies form the base of this facies association which is overlain by Sp-facies in Kewta section. However, in the Markundi section Fi-S facies overlies the Spe-facies and is in turn overlain by Sp-facies. This facies assemblage comprises of thinning upward packages with a maximum thickness of 2.5 m. The basal contact of these packages is represented by the concave up erosion discontinuity surfaces.
Gm-facies is the most dominant followed by Sp-facies and Spe-facies. However, their relative thicknesses vary among the measured sections. The sandstone facies are poorly sorted, sub-rounded, coarse to medium grained and tabular cross-stratified sets. The set thicknesses vary from 0.3 m to <5 cm. The cross-bed sets decrease in thickness up-section and dip consistently at low angles (10˚ -20˚). They dip consistently in the N/NE direction with few exceptions of S/SW dip. Generally the reactivation surfaces define the 10 cm thick foreset packages within the Sp-facies. The Gm-facies consists of poorly sorted conglomerates composed of laminated sandstone clasts. This facies is normal graded.
Interpretation
Facies association A is attributed to tidal influenced fluvial channels. The presence of deposits with concave up basal surfaces, though not exclusive, is suggestive of flow confinement within the channels [6] . Where this feature is not present, the fining and thinning upward facies successions are bounded by sharp, erosional bases attesting to deposition during a regime of decreasing flow energy, typical of channel fills [6, 15, 17] . Gm-facies records episodes of highest energy whilst St-facies was formed by migration of small to medium-scale, 2D or 3D bed-forms within channels. Poor sorting coupled with very coarse sand to gravelsize sediments and the absence of bioturbation are the features which suggest tidal influence in the fluvial channel deposition. This feature distinguishes this facies association from the channel facies formed under dominant tidal influence. Bipolar cross-beds coupled with the reactivation surfaces are suggestive of some degree of tidal reworking. The dominance of the foresets dipping consistently at low angles is further evidence in support of tidal influence, as migration of 2D and 3D bed-forms in a tidal setting typically results in cross-sets that display low angle dipping foresets [21, 22] .
Tidal Channel Facies (Facies Association B)
This facies association comprises of Sm-, St-, Si-, (S-hb)-and Sp-facies. The facies association is well developed in the Markundi section whose thickness is 10 m. Si-facies of the association is missing in the Hardi section whereas Si-and (S-hb)-facies are missing from the Obra section. Sp-facies occur twice in the association in the Kewta section. Both St-and Sp-facies consist of moderately sorted, subangular to subrounded, coarse to very finegrained sandstones. The cross-sets, up to 0.3 m thick, consistently display low angle foresets. Palaeocurrent patterns indicate main vectors towards the NNE, NE in the Hardi-, Obra-, and Kewta sections whilst in the Markundi section palaeocurrent direction is due NW. A typical feature of the St-facies is 5 -10 cm thick packages of foresets defined by reactivation surfaces. St-facies locally grades laterally into fine to very fine-grained, laminated sandstone (Si-facies). This facies is, in general, composed of moderately sorted to moderately wellsorted, subrounded sandstones. Internally these sandstones show packages of alternating thick and thin tidal bundles ranging from 0.1 -0.2 m thick. Thicker units of the facies show plane parallel stratification, cross-stratification. Fine-grained sandstones generally appear structure less. Locally cross-strata display opposite dipping foresets.
Interpretation
Like Facies association A, the Facies association B was also formed by confined flows within tidally influenced channels as indicated by the basal concave up erosion bounding surfaces and packages of tidal bundles. The organization of internal configuration, thinning and fining upward successions formed by the upward gradation from intraformational conglomerates (Gm-facies) to Si-, St-, and Sp-facies [23] attests to deposition during a waning flow regime typical of channels prone to lateral accretion [24] . Internal architecture of this facies association and sedimentary structures observed are similar to those found elsewhere in the association with many tidal channel deposits [25] [26] [27] [28] [29] .
Upper Flow Regime Tidal Sand Flat/Sand Bar (Facies Association C)
The Facies association C comprises of Sr-, St-, Sp-and Si-facies and is well developed in the Hardi section where its thickness is 5 m. This facies association is widely spread in the study area and is recorded in all the measured sections. This facies association forms stacked packages (10 -20 cm thick) of Sr-, St-, Sp-facies, St-and Si-facies, and Sr-and Sp-facies (Obra section); Sr-and St-facies, Sr-, Sp-, Si-and St-facies, Sr-, Si-, and Spfacies (Markundi section). In the Kewta section this facies association is represented by Sr-and Sm-facies only. These packages are bounded at the base by either planar or erosion surfaces. Some of these packages occur in lenticular bodies of 0.4 m thick and 6 m long with fining and thickening upward trends. Analysis of the data collected on wave ripple crests in the Sr-facies suggests NW-SE orientation of the 60 km long palaeo-shoreline. The internal structure of the Si-facies characterized by parting lineation shows planer laminated to very low angle dipping cross-stratification, whilst the Sp-and St-facies facies display characteristic tabular and trough cross-stratification. The Sr-facies shows climbing current ripples and symmetrical wave ripples on the planar surface. The sediments are well sorted, well rounded and oriented palaeo-shoreline. fine to medium grained. Occasional pinch and swell lamellae are also observed within these facies packages. These undulating laminae display internal truncations which form broad scours or swales. Sr-facies occasionally displays tabular or highly undulating lower set boundary.
Discussions
The spatio-temporal facies variation, facies association, their stacking pattern and palaeocurrent data on directional features (trough-and tabular cross bedding) and wave ripple crests forms the basis of the proposed facies development and depositional model for Patherwa Formation, see Figure 4 . The Facies association A documents evidences of confined fluvial channel facies and consistent unidirectional palaeocurrent record. The energy fluctuation of tidal currents results in highly unsteady flows producing frequent reactivation surfaces as observed in this association. The abundance of these surfaces separating foreset packages that are only few cm thick facilitates the differentiation of tidal influence from other disturbances in fluvial system [37, 38] . The top unit (Sp-facies) of this facies association shows these evidences suggesting deposition in the inner estuarine settings transitional between fluvial and tidal sedimentation [21, 34, 39] , see Figure 4 . The clast size and thickness of the Gm-and Sp-facies decreases, and absence of Gmfacies from the Hardi section, from the west towards the Markundi section in the east suggesting differential potential of the fluvial channels contributing to the depocenters. The general palaeocurrent trend in this facies association (Sp-facies) is also consistent in the NNE to NE direction suggesting confined unidirectional estuarine flow regime. Tidal bundles are scarce or even absent from such settings due to the interference of fluvial influx [26, 34, 36, 39] .
Interpretation
The Facies association C is inferred to represent tidal sand bar/sand flat deposits, based on the prevalence of tabular sandstones, internally displaying planar to very low angle dipping stratification. The abundance of parting lineation in the Si-facies indicates that the sediments were deposited in the upper flow regime condition [23, 30] . The rhythmic alternations of Si-with St-and Spfacies (Markundi and Obra sections) indicates fluctuating upper to lower flow regime conditions within the tidal flats. Pinch and swell structures, symmetrical ripples and the scours and swales indicate frequent wave reworking [31] . The scours observed in this study are common in nearshore areas that have undergone periods of higher energy flow suggesting storm wave reworking [20, 29, [32] [33] [34] . The similar facies architecture and evidences have been related to the upper flow regime of the tidal sand flats [20, 28] . Number of ancient tidal sand bar examples similar to ours with upward-fining, lenticular facies packages have been reported elsewhere [21, 24, 35, 36] . Tidal bars are common features of upper flow regime within tidal sand flats in confined areas along the coasts dominated by high tidal velocities [21, 28] . All the palaeocurrent recorded within this facies association is either perpendicular or oblique to the inferred NW-SE Up-section in the Facies association B evidence of tidal influence increases. The features attributed to or even diagnostic (e.g., tidal bundles) to tidal currents are more abundant. The upward increase in tidal influence is also associated with fining and thinning upward facies packages. These packages are related to meanders of straight-meandering-straight channel segments typically formed in central estuarine settings of the tide dominated estuaries [21, 24, 26, 28, 40] . Evidences of the tidal processes also include the abundance of cross-sets with reactivation surfaces, local presence of tidal bundles and reversed foresets ((S-hb)-facies). The palaeocurrent trends are comparatively more divergent (NNE-NE-N) seawards in this facies association.
Facies association C is attributed to the processes operative close to the shoreline as elongate sand bars associated with upper flow regime sand flats are typical of the seaward settings in the tide dominated estuaries [21] . The evidence of wave generated structures (i.e., symmetrical, asymmetrical ripples and truncating surfaces, low angle dipping cross-lamination) in this facies association conforms to the outer estuarine settings [21] . Most of the tidal channel deposits interfinger with sand bar and upper flow regime sand flat deposits are more commonly recorded in tide dominated estuaries formed along mesotidal to macro-tidal coasts [20, 41, 42] . However, in this case depositional settings are more consistent with the tide dominated outer estuarine settings. This is also supported by the palaeocurrent trends which are multimodal and more divergent seawards.
The lateral and vertical facies distribution, see Figure  4 reflects tidal influenced estuarine settings for the Patgherwa Formation. The overall vertical gradation from tide influenced fluvial channel (Facies association A) to tidal channel (Facies association B) and tidal sand bar/ sand flat deposits (Facies association C) records upward increasing tidal influence.
Conclusion
Evidence of the genetic association of tidal-influenced fluvial channel, tidal channels and tidal sand bar/tidal sandy flat deposits is typical of tidal dominated estuarine system [21, 27, 29, 34, 36, [43] [44] [45] . The presence of sedimentary structures attributed to tidal processes suggests that the Patherwa Formation was formed dominantly under the influence of tidal processes. In addition to facies association consisting of tidal influenced fluvial channel, tidal channel and tidal sand flat/sand bars, these characteristics support a tidal dominated estuarine settings.
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